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main-belt impact rate. The knowledge that the event did happen in 4.5 Gy implies a 25% probability of occurrence in the past 1 Gy. 29 4 Thomas Roatsch, 4 Ralf Jaumann, 4 Debra Buczkowski, 5 Thomas McCord, 6 Harry Y. McSween, 7 David Williams, 8 Aileen Yingst, 2 Carol Raymond, 9 Chris Russell 10 Dawn's global mapping of Vesta reveals that its observed south polar depression is composed of two overlapping giant impact features. These large basins provide exceptional windows into impact processes at planetary scales. The youngest, Rheasilvia, is 500 kilometers wide and 19 kilometers deep and finds its nearest morphologic analog among large basins on low-gravity icy satellites. Extensive ejecta deposits occur, but impact melt volume is low, exposing an unusual spiral fracture pattern that is likely related to faulting during uplift and convergence of the basin floor. Rheasilvia obliterated half of another 400-kilometer-wide impact basin, Veneneia. Both basins are unexpectedly young, roughly 1 to 2 billion years, and their formation substantially reset Vestan geology and excavated sufficient volumes of older compositionally heterogeneous crustal material to have created the Vestoids and howardite-eucrite-diogenite meteorites.
H ubble Space Telescope (HST) imaging of asteroid Vesta revealed a major depression at the south pole that is inferred to be a giant impact basin (1) nearly as large as Vesta itself. A large basin fit well with the paradigm of Vesta as the parent body of the HED (howardite-eucrite-diogenite) meteorites, on the basis of spectroscopic and petrologic evidence (2, 3), proximity to asteroid resonances that can deliver material to near-Earth space (4) , and the dynamically related family of "Vestoids" (5), with the basin as the likely source of these bodies. Determination of the structure, shape, and age of this feature-all of which provide critical parameters for modeling the formation of Vestoids and HEDs-are key Dawn objectives (6) .
Dawn has resolved Vesta's south polar feature into two large distinct overlapping impact basins. The largest and youngest of these, Rheasilvia ( Fig. 1 and fig. S1 ), is centered at 301°W, 75°S, 15°from the south pole and, at~500 T 25 km (or~114°of arc) in diameter and 19 T 6 km deep (7), is both deeper and larger than estimated from HST (1). The multiple concentric terraces and ring scarps-broad flat-lying melt sheets and central depressions associated with large multiring basins on the Moon or Mercury (8)-are absent at Rehasilvia. Dawn instead observed three main structural components ( Fig. 1 and fig.  S1 ): a large central massif, a broad sloping basin floor, and an outer margin. The central massif is a 180-km-wide, 20-to-25-km-high conical dome ( Fig. 1) , with a "craggy" surface of small irregular rounded knobs and patches of relatively smooth material on steep slopes. The knobs may represent exposures of uplifted fractured or disrupted bedrock material, and the smoother material may be unconsolidated debris, impact melt drained down slope, or both. Two arcuate scarps~5 to 7 km high near the crest of the central massif suggest partial failure of the central massif. The rugged surface morphology is consistent with uplift of highly disrupted material during impact, as observed in large complex craters on other bodies (8) .
The bowl-shaped floor of Rheasilvia is a broad annular unit characterized by rolling plains. The floor is pervasively deformed by linear and curvilinear ridge and inward-facing scarps 1 to 5 km high (Fig. 2) forming well-organized radial and (clockwise) spiral patterns extending from within the central massif out to the basin margins. Flat-lying deposits indicative of deep ponded impact melt and debris are absent within Rheasilvia (Fig. 1 ). This is consistent with the low apparent volumes of impact melt found in other fresh craters on Vesta and consistent with models suggesting that melt production would be limited on asteroids because of lower impact velocities (9) .
The outer margin or rim of Rheasilvia has a broadly hexagonal shape and is variable in elevation and morphology, forming a broad ridge in most areas ( Fig. 1 ) and two steep inward-facing cuspate scarps~15 to 20 km high ( Fig. 1 ) on opposite sides of the basin. Fractured slump blocks are observed at the base of these rim scarps [figure 3 in (10)]. The ridged slump material on the rim has a more coherent structure than that of the rugged slump material on the flank of the central massif. This may reflect a difference in rock properties, with the rim flank being less fragmented than the central massif.
All terrains within~100 km of Rheasilvia's rim (and further in some areas) show evidence of extensive mantling by debris (Fig. 3) , which is consistent with ejecta deposition. Smooth and striated surfaces are common, and nearly complete erasure of craters within 50 km or so of the rim ( Fig. 1) gives way to the north to decreasing degrees of partial burial of craters ( Fig. 3) , which is consistent with the observed increase in crater densities away from the Rheasilvia rim (11) and the thinning of ejecta. Differences in crater density provide indirect evidence for nonunoform ejecta deposition, but no direct evidence for the extreme predicted asymmetric ejecta deposition due to rotation (12) has as yet been found. The multispectral color signature most consistent with diogenite (13, 14) is offset from the basin center toward 45°E longitude ( fig. S1 ) (15) and suggests either oblique impact and enhanced ejecta deposition in one direction or that the impact occurred in a compositionally heterogenous region, possibly because of the formation of older basins such as Veneneia.
The basic structure at Rheasilvia is surprisingly similar to that observed in very large craters on low-gravity worlds elsewhere in the solar system ( Fig. 1) (15) . Large impact craters on the midsize icy satellites Hyperion, Rhea, and Iapetus are also characterized by deep steep-sided depressions and broad domical central peaks that account for 0.35 to 0.5 of the crater diameter (D) (compared with 0.36 for Rheasilvia). These basins also have D crater /D target ratios of 0.4 to 0.9 compared with 0.95 for Rheasilvia. This basic morphology, in which large central uplift ( Fig. 1 and fig. S2 ) dominates over rim failure, may be characteristic of large complex crater formation on smaller planetary bodies or on bodies where melt production is low, regardless of composition (15) , although planetary curvature may also play a role.
The pervasive spiral deformation pattern within Rheasilvia (Fig. 2) is not commonly observed on other bodies. The involvement of the entire basin floor in a coherent structural pattern indicates that deep crustal fracturing during prompt uplift and radial convergence of basin floor rock was probably involved. Similar expressions of arcuate and spiral structures (15) are found across the floors of eroded and exposed complex cra- (Fig. 2 and fig. S3 ), and in experimental modeling involving radial convergence of rock material (18) . Formation of Rheasilvia would have taken roughly half of a Vesta rotation period (12) , however, which is more than enough time for coriolis effects to influence the flow of rock toward basin center. We suggest on the basis of the above examples that structural failure induced by upward and radial convergence of rocky material during basin collapse produced the observed spiral patterns.
Coriolis effects cannot fracture rock but may have influenced the selection of specific fault and failure orientations (curving east rather than west). That these patterns are so dramatically expressed at Rheasilvia is probably related to the absence of large volumes of obscuring impact melt on the basin floor.
The second large south polar impact feature on Vesta consists of a semicircular bowl-shaped depression~400 T 25 km in diameter and 12 T 2 km deep (7) named Veneneia (Fig. 1) S4) (11) .
Independent crater counts of Rheasilvia floor, central massif, and proximal ejecta by three different workers all converge on a relatively young crater retention and formation age for Rheasilvia on the order of 1.0 T 0.2 billion years ( Fig. 4) (11) . Crater counts also suggest a crater retention age for Veneneia of 2.1 T 0.2 billion years (Fig. 4) , predating Rheasilvia. Mantling of Veneneia by Rheasilvia ejecta may allow for an older age, but the relatively intact rim topography of Veneneia suggests that it is not ancient.
The proximity of the two large basins of similar age near the south pole suggests the possibility of a binary asteroid impact. However, the arcuate rim of Rheasilvia clearly truncates Veneneia, and there is no indication that the expanding ejecta or basin of Veneneia interfered with the development or shape of Rheasilvia, as would have been expected during an impact of binary objects (19) . This indicates a minimum formation interval of at least several hours, during which the putative second object would likely have missed Vesta (20) . Thus, while Rheasilvia and Veneneia are both relatively young impact features, they likely formed at different times.
The two large impact events at the south pole also excavated large amounts of rock that may have been the source of Vestoids and HEDs (1). A provisional estimated minimum volume of excavated material at Rheasilvia based on the observed concavity and the nominal volume of the modeled transient excavation crater (15) is 1 × 10 6 to 3 × 10 6 km 3 , or~2 to 4% of the total volume of Vesta. Some Rheasilvia ejecta were retained on the surface (Fig. 3) , however. Obliteration of preexisting craters ≤20 km wide out to~50 km from the rim implies ejecta thicknesses of order 4 to 5 km at this range, increasing to the rim and decreasing outward to negligible thickness north beyond a range of about 100 km. Modeling of impact ejecta on Vesta (12) also predicts average thicknesses on this order.
Assuming an average ejecta thickness of 5 km over a range of 100 km, we obtain a provisional volume of ejecta on the surface Vesta of roughly 5 × 10 5 km 3 (15) , suggesting that more than half of Rheasilvia's ejecta was lost to space, which is a relatively high fraction. The fraction lost to space is significantly more than the estimated <1 × 10 5 km 3 volume of the Vesta family (21), which is consistent with the ejection into space of Rheasilvia ejecta to form the Vestoids. The suggestion of a smaller second dynamical family of Vestoids (21) could potentially be explained by ejecta from the somewhat older giant Veneneia basin (Fig. 1) , which has a nominal excavation volume~65% that of Rheasilvia and likely excavated an additional several 10 5 km 3 to space. As discussed in (11) , the young ages we find for these basins are consistent with the preservation of the Vesta family's steep size distribution (22, 23) . Fugitive V-type asteroids takẽ 1 billion years or more to migrate away from the family (21), so many could have originated from Rheasilvia, or from an older large familypopulating impact event such as Veneneia.
At least seven basins larger than 150 km have been identified on Vesta, including Rheasilvia and Veneneia ( fig. S4) (11) . Most of the thermal alteration recorded in the argon-argon (Ar-Ar) ages of HED meteorites (24) (25) (26) may have occurred in thick slow-cooling units such as ejecta or basin floor deposits rather than directly during the impact events themselves (27) , and Vesta's surface may be a patchwork of basin-formed units of distinct ages (11) . The geologically recent formation of Rheasilvia into at least two preexisting large basins and their associated floor and ejecta deposits could have easily provided a ready source of large volumes of thermally altered rocks with different resetting ages that could be launched to form the Vestoids and the HED meteorite suite. The mineralogy of Vesta, based on data obtained by the Dawn spacecraft's visible and infrared spectrometer, is consistent with howardite-eucrite-diogenite meteorites. There are considerable regional and local variations across the asteroid: Spectrally distinct regions include the south-polar Rheasilvia basin, which displays a higher diogenitic component, and equatorial regions, which show a higher eucritic component. The lithologic distribution indicates a deeper diogenitic crust, exposed after excavation by the impact that formed Rheasilvia, and an upper eucritic crust. Evidence for mineralogical stratigraphic layering is observed on crater walls and in ejecta. This is broadly consistent with magma-ocean models, but spectral variability highlights local variations, which suggests that the crust can be a complex assemblage of eucritic basalts and pyroxene cumulates. Overall, Vesta mineralogy indicates a complex magmatic evolution that led to a differentiated crust and mantle.
T elescopic visible and near-infrared spectroscopy shows that the asteroid Vesta has a basaltic surface dominated by the spectral signature of pyroxene. Vesta spectra show many similarities to those of howardite-eucritediogenite (HED) meteorites (1), leading to the consensus that Vesta is differentiated and is the parent body of the HED achondrites (2-4). Numerous basaltic asteroids provide further support for this hypothesis: Their orbits are distributed from near Vesta to the 3:1 Kirkwood gap and the secular n-6 resonance that results in gravitational perturbations. These, combined with collisions, provide a convenient mechanism for their delivery to Earth-crossing orbits (5) (6) (7) (8) .
Geochemical, petrologic, and geochronologic studies of HEDs have led to the development of models for the magmatic evolution of their parent body. The consensus is that the body was substantially melted early in its history through heating by decay of 26 Al and 60 Fe, forming a molten core topped by a shell of molten silicates. Cooling and crystallization of a global magma ocean could have produced an olivine-dominated mantle, a lower crust rich in low-Ca pyroxene (diogenites), and an upper crust of basaltic flows and gabbroic intrusions (eucrites) (9, 10). However, some HEDs are inconsistent with this scenario, leading to models involving less melting and serial magmatism (11) (12) (13) (14) . The spatial distribution of lithologies within the crust of the HED parent body would thus provide essential www.sciencemag.org SCIENCE VOL 336 11 MAY 2012
